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1. Introduction

Solid-state mid-infrared (IR) laser sources emitting in a 3—7 um spectral range are of significant
practical interest due to great variety of potential applications in the biomedical industry, remote
sensing, pollution monitoring, etc. They can be used in molecular spectroscopy, residual gas
tracing, IR countermeasures (IRCM), improvised explosive device (IED) detection, eye-safe
sensors for lidar, and medical applications. The detailed review of recent advances in mid-IR
laser materials operating in the 3—5 pm wavelength range can be found in references 1 and 2.
Today this spectral range is covered by lasers and laser systems based on nonlinear frequency
conversion techniques, for example, optical parametric oscillators or amplifiers, most often using
high power neodymium laser as a fundamental frequency pump source. These optical parametric
oscillator (OPO) sources have obvious disadvantages—complexity, inefficiency, and high cost—
compared to direct diode-pumped solid-state lasers. The need for mid-IR wavelengths directly
obtainable from a diode-pumped solid-state gain medium stimulates searches for new laser
materials with wide tunability. In references 3 and 4, laser action of divalent chromium ion
(Cr*"): zinc selenide (ZnSe) in the 2.1-2.9 pum spectral range has been demonstrated, and the
Cr*":ZnSe laser is further developed in reference 5. Laser action around 3.55 pm from a divalent
iron ion (Fe*") in low-phonon semiconductors has been demonstrated (6). Later, a widely
tunable laser action between 4.0-4.5 um was demonstrated in Fe*"-doped ZnSe operating below
180 K (7). Unfortunately, so far, only a limited number of materials that lase in the mid-IR
region have been found to have a sufficiently high efficiency at room temperature (RT), and only
very few of them, like Cr2+:ZnSe, have been introduced to the solid-state laser market. The
choice of Cr*":ZnSe was particularly motivated by the unique advantageous combination of this
material’s optical, laser, spectroscopic, and thermo-mechanical properties.

Transitional metal (TM) ion doped oxides, fluorides, and chalcogenides historically were the first
tunable solid-state laser sources with a wide tunability range in the near- and mid-IR spectral
ranges since the advent of the laser in the early 1960s (see reference 8 and references therein).
This tunability is possible due to the intrinsically broad spectral emission nature of 3d-3d
transitions in TM. There was considerable work done on Cr- and Fe-doped binary ZnSe, zinc
sulfide (ZnS), cadmium selenide (CdSe), cadmium sulfide (CdS), zinc telluride (ZnTe), or
ternary cadmium manganese telluride (CdMnTe or CMT), cadmium zinc telluride (CdZnTe),
and zinc sulfur selenide (ZnSSe) chalcogenide crystals (/). Among the TM ions, Cr*" was
extensively explored in ZnSe and ZnS and up to tens of watts of continuous wave (CW) power
with an efficiency over 40% and a wide tunability range has been demonstrated in Cr*":ZnSe
9, 10).



The Fe*" ion has a similar to Cr*” electronic structure with a °D ground state. In most materials,
the maximum of broadband absorption for Fe*" is located around 3 um and the broad emission
bandwidth reaches up to 1.5 um, corresponding to the transition “T, = “E. In all known hosts,
the fluorescence from the upper T state is quenched at RT. The RT quantum efficiency is less
than 1% and the lifetime ends up being as short as 1 ps.

Recently, a relatively new CdTe-based II-VI semiconductor family of materials has been
introduced as a promising host for mid-IR lasers (//—13). These hosts offer some advantages
compared to the well-known ZnSe. These new materials are primarily Cr*"-doped cadmium and
CMT, and their properties have been extensively studied (/4, 15). Similar to ZnSe in cadmium
telluride (CdTe), the TM ions occupy tetrahedral sites. In the case of the Fe*" ion, this results in
relatively small energy splitting of the ground °D state due to the smaller (compared to
octahedral or cubic symmetries) crystal field parameter Dq. In addition, Fe*" has a smaller
effective ionic radius than Cr*". Because of the two reasons mentioned earlier, the absorption and
emission spectra of Fe*:CdTe are shifted towards longer wavelengths and exhibit very broad
emission spectra located around 3.5-5.2 pm. Furthermore, the presence of the heavier chalcogen
ion (Te) decreases the phonon cut-off frequency in CdTe. Table 1 shows the maximum phonon
frequency for some II-VI host materials. As shown in table 1, CdTe has the lowest phonon cut-
off frequency compared to all presented host materials. The low phonon frequency adds two
favorable qualities to CdTe as a host for mid-IR lasers. It mitigates the nonradiative relaxation
process from the upper (fluorescent) electronic states and extends the IR transparency at the
long-wavelength end of the spectrum beyond 20 pm. Another attractive feature of CdTe is that
this material combines useful properties of dielectric and semiconductor materials. This opens an
alternative of direct electrical pumping by running the electrical current through the medium as
opposed to optical pumping. The first RT laser operation of iron-doped ZnSe around the

3.9-5.0 um spectral range was reported in references 16 and 17. The search for new laser
materials capable of direct lasing over the 4—7 um spectral range remains one of the important
research directions aimed at development of new mid- IR solid-state materials.

Table 1. Maximum phonon frequency (cm ™).

Host Material CdTe ZnSe ZnS YLF YAG
Phonon Cut-off Frequency (cm™) 210 250 350 560 850

Note: YLF = yttrium lithium fluoride and YAG = yttrium aluminum garnet.

2. Experimental Setup

The ternary compound semiconductor Cd(1-x)Mn(x)Te crystallizes in the cubic zinc-blende
structure, up to x=0.77. Different techniques have been developed for fabrication of II-VI bulk
material. Among those are melt growth, physical vapor transport (PVD), and chemical vapor



transport (CVD). The melt growth technique is the preferred method of growing CMT crystals.
The addition of magnesium telluride (MnTe) to CdTe suppresses the melting point CdTe and the
CdTe-MnTe pseudo-binary phase diagram does not have a separation between solidus and
liquidus lines up to about 45% of MnTe. Thus, the problem of segregation in Cd(1-x)Mn(x)Te,
up to x=0.45 does not exist, and single crystals of this ternary compound up to x=0.45 can be
grown with excellent compositional homogeneity. A variety of single-crystalline samples of
Fe” or divalent cobalt ion (Co*)-doped CMT crystals were produced by Brimrose Corporation
using a modified vertical Bridgman technique (/8). The starting high purity ingredients Cd, Mn,
and Te along with the dopants (Fe and Co) are placed in a pre-cleaned and baked graphitized
quartz ampoule and vacuum (10 Torr) sealed. The ampoule is then placed in a three-zone,
vertical Bridgman furnace. The furnace is then ramped up to 1100 °C in a predetermined
sequence to react and melt these ingredients safely. The melt is allowed to mix for 24 h and
translated down at a rate of 1.5 mm/h through a temperature gradient of 25 °C/cm. Upon
completion of the crystal growth, the furnace is slowly cooled down to RT in about 24 h.

Figure 1 shows typical as-grown samples of CMT. The dopant concentrations varied between
10" and 5x10" ¢cm™. For our absorption and fluorescence studies, the grown samples were cut
and polished into 3—5 mm thick pieces.

Figure 1. Typical as-grown samples of undoped CMT.

The spectroscopic-grade CMT samples were mounted in a low temperature standard Oxford
Instruments cryostat, which employed liquid nitrogen as a refrigerant. The cryostat was equipped
with two calcium fluoride uncoated windows fully transparent in mid-IR. Various diode lasers
with wavelengths in the range of 808—3200 nm, and occasionally, a tunable titanium
(T1):sapphire laser (750-1000 nm), were used for fluorescence excitation. The RT and liquid
nitrogen temperature (LNT) unpolarized absorption spectra were taken using either a Cary 50001
spectrophotometer or a Nicolet 8700 FT-IR spectrometer. The luminescence spectra were studied
using a 0.5-m Acton Research 25001 monochromator coupled with liquid-nitrogen-cooled



indium antimonide (InSb) or MCT detectors. The spectral resolution in all spectral
measurements was better than 10 nm. The detected signal was processed by a Stanford research
SR-250 gated integrator and boxcar averager or an SR 850 Lock-In amplifier, and acquired
through the NI-DAQmx acquisition interface in the LabVIEW environment.

The lifetime measurements were carried out under sample excitation by nanosecond pulses from
tunable Ti:Sapphire laser in the wavelength range of 800-900 nm. The fluorescence decay
signal was detected by a high-speed Judson J10D-M204-R02M-60 detector at the peak of
fluorescence band and processed (averaged) using a digitizing oscilloscope, Tektronix TDS
2022B.

3. Results and Discussions

Table 1 summarizes the maximum phonon cut-off frequencies (determined from Raman
scattering spectra) for a variety of well-known crystalline solid-state laser hosts compiled for
comparison. As can be seen from table 1, CdTe-based chalcogenide has the lowest phonon cut-
off frequency, which maximizes the probability of nearly purely radiative decay of mid-IR
fluorescence in this crystal.

Furthermore, cut-off frequency affects the long-wavelength transparency of the host material.
Figure 2 shows the transmission spectrum of undoped CdTe, which clearly indicates that the host
transparency is well beyond 20 um. Figure 3 presents the fluorescence spectra of the F e’ -doped
Cd(0.55%)Mn(0.45%)Te and Cd(0.85%)Mn(0.15%)Te samples. Despite the significant
compositional difference, namely, the large change in Mn concentration in the two samples, no
substantial change in the emission spectra was observed. Despite the similarity of emission
spectra, the lifetime of initial T, state of Fe** fluorescence in these hosts differs significantly.
Thus, as shown in figure 4, the lifetime of the Fe*" °T, level in Cd(0.85%)Mn(0.15%)Te appears
to be approximately 30% longer than that of the Fe*" °T, level in Cd(0.55%)Mn(0.45%)Te. This
indicates that lower doping Mn concentrations are more favorable in achieving higher
fluorescence efficiency. The drastic lifetime reduction of the Fe?"? T, state in both samples at
temperatures above 120 K can be explained by the rapid onset of thermally activated
nonradiative multiphonon decay. The measured lifetime and fluorescence quantum yield at RT
for both samples were several hundreds of ns and less than 1%, respectively.
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Figure 4. Fluorescence lifetime (°T, = °E transition) vs. temperature for the Fe*'-doped
Cd(0.85%)Mn(0.15%)Te and Cd(0.55%)Mn(0.45%)Te samples.

The Fe*"-doped CdTe samples exhibit quite different behavior when they are co-doped with
magnesium (Mg) ions. Figure 5 indicates the LNT fluorescence spectrum of the Fe*"-doped
Cd(0.65%)Mg(0.15)Mn(0.2%)Te sample along with the Fe* -doped Cd(0.55%)Mn(0.45%)Te
sample as a reference. It can be seen that the addition of 0.15% of Mg is shifting the emission
spectrum peak by approximately 400 nm towards longer wavelength. The measured fluorescence
lifetime of the Fe*" °T, state was about 100 ps at 77 K. The measured absorption spectra of Fe*'-
doped Cd(0.65%)Mg(0.15)Mn(0.2%)Te at RT and LNT are shown in figure 6. At both
temperatures, the spectra feature a wide absorption range between 3000-5000 nm with the peak
around 3900 nm. As the temperature grows from 77 to 300 K, the absorption bandwidth becomes
wider with a slight decrease of the peak absorption. The emission spectrum of Fe**-doped
Cd(0.65%)Mg(0.15)Mn(0.2%)Te shown in figure 5 was converted into an emission cross section
via a Fuchtbauer-Landerburg (F-L) derivation (/9):

_ AArad
" 8mcn?

q(d) (1)

where 6 is the emission cross section; n - refractive index (equals 2.4 for CdTe); q(A) is
normalized emission spectrum; and A,,q is the probability of spontaneous transition between the
°T, and ’E states. In F-L calculations, we assumed that at LNT the nonradiative quenching of °E
level is negligible and the transition is purely radiative with A,q=1/1, where t is experimentally
measured lifetime for ~5-pum transition. Figure 7 shows calculated emission cross section for
Fe*" in Cd(0.65%)Mg(0.15%)Mn(0.2%)Te. As seen from figure 7, the peak value of emission
cross section at ~4.5 um reaches 2.6x107"® cm? at LNT.
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to °E >°T, transition.



3.0 -

® —— Fe: Cd(0.65%)Mgo.15%)Mn(0.2%)Te
2.5 -

o

i

x

= T=77K

S 20 -

8

O

(D}

v

w 1.5 T

(%]

o)

| .

O

[ |

5 1.0

(7]

K%

&

5 o5 -
00 T T T |

4000 4500 5000 5500 6000

05 Wavelength (nm)

Figure 7. Emission cross-section of Fe** doped Cd(0.65%)Mg(0.15%)Mn(0.2%)Te corresponding to the °T, > °E
transition of Fe*" at LNT converted from the fluorescence spectra shown in figure 5.

A Co*" ion holds an intermediate wavelength position between Cr** and Fez+, and hence, has its
own niche in IRCM applications. So, we also studied the spectroscopy of Co”" ions in CMT
hosts. Figures 8 and 9 show fluorescence features of the upper *T, level of Co”" ions in
Cd(0.95%)Co0(0.05%)Te corresponding to *T, >*A, transition at cryogenic temperatures. The
observed wide fluorescence spectrum and relatively long lifetime of the *T, manifold are in good
agreement with those observed for other Co*-doped materials (3). As shown in figure 9, the
lifetime of the *T, state is pretty long, exceeding 700 ps at 77 K, and does not change
considerably within the temperature range of 70—110 K. This relatively long lifetime of the
fluorescent level makes Co”"-doped CdTe quite a promising material for diode-pumped mid-IR
solid-state lasers.
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4. Conclusions

We report the results of a spectroscopic investigation of Fe**- and Co®"-doped low-phonon single
crystals of the CdTe family. It is shown that compositional changes of the host material
significantly affect the radiative lifetime of the initial laser level, the bandwidth of the emission
and absorption spectra, and their overall positioning. These will translate into a potential mid-IR
laser threshold and tunability. Single crystal composition also affects the Co®” and Fe*" dopant
lifetimes, as well as their temperature dependencies. Crystal growth effort is underway in order
to improve the quality of the samples toward meeting the Jaser-acceptable” loss figure
requirements.
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List of Symbols, Abbreviations, and Acronyms

CdMnTe or CMT
CdsS
CdSe
CdTe
CdZnTe
Co™"
Crt
CVD
CW
Fe**
IED
InSb

IR
IRCM
LNT

MnTe
OPO
PVD
RT

Ti
™
YAG
YLF

cadmium magnesium telluride
cadmium sulfide

cadmium selenide

cadmium telluride

cadmium zinc telluride
divalent cobalt ion

divalent chromium ion
chemical vapor deposition
continuous wave

divalent iron ion
improvised explosive device
indium antimonide

infrared

IR countermeasures

liquid nitrogen temperature
magnesium

magnesium telluride

optical parametric oscillator
physical vapor deposition
room temperature

titanium

transitional metal

yttrium aluminum garnet

yttrium lithium fluoride
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ZnS
ZnSe
ZnSSe
ZnTe

zinc sulfide
zinc selenide
zinc sulfur selenide

zinc telluride
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